The Columbia Basin pygmy rabbit (Brachylagus idahoensis) is critically endangered and the focus of a captivebreeding program. However, reproductive success in captivity to date has not been sufficient to sustain reintroduction efforts. The goal of this study was to investigate patterns of fecal progestagen and glucocorticoid excretion in females during mating, gestation, and lactation and identify hormonal relationships to reproductive success. Fresh fecal samples were collected from 48 adult, female rabbits over 3 breeding seasons at a frequency of 4-7 samples per week. Results showed that a large (17-fold) increase in progestagen concentrations 1 day after mating provides a reliable means of determining if a successful mating occurred. In general, higher glucocorticoid concentrations during the breeding season, specifically during mating and gestation, were associated with lower reproductive success. Females that failed to conceive during the breeding season had higher glucocorticoid and lower progestagen baseline concentrations than females that did conceive. Glucocorticoid excretion during late gestation, but not lactation, was negatively associated with litter success, suggesting it affects offspring survival more during the prenatal than the postnatal period. Progestagen and glucocorticoid concentrations at the end of gestation were positively related to litter size, which may be an important factor in juvenile survival. In summary, higher concentrations of fecal glucocorticoids during the breeding season were associated with reduced conception rates and survival of subsequent litters. Ultimately, identifying what factors cause elevated glucocorticoids in pygmy rabbits could provide opportunities to alleviate negative stressors and increase the reproductive output of the captive population.
the pre-and postnatal development of offspring (Brann and Mahesh 1991; Dobson and Smith 2000; Reeder and Kramer 2005; Tilbrook et al. 2002) . In female mammals, reproduction can be disrupted during 4 key reproductive events: mating, conception, gestation, and lactation. A successful mating requires a female be behaviorally and physiologically receptive to mating and this can be facilitated by monitoring reproductive hormones for timed breedings (Brown 2006; Pukazhenthi and Wildt 2004; Senger 1999) . After mating, ovulation must occur, followed by embryo fertilization and implantation, each of which involves the orchestration of several endocrine-mediated events that can be disrupted by stressful conditions (Dobson and Smith 2000; Moberg 1991; Tilbrook et al. 2002; von Borell et al. 2007 ). During gestation, high levels of stress can result in embryonic absorption or fetal abortion, ultimately affecting litter size (Glaubach et al. 1951; Seckl 2004; von Borell et al. 2007) . Finally, stress during lactation can alter nursing behavior and milk output of the mother, which can reduce postnatal development and survival of offspring (Hemsworth 2003; Reeder and Kramer 2005; von Borell et al. 2007) .
One species that has not achieved its reproductive potential in captivity is the pygmy rabbit (Brachylagus idahoensis). After the rapid decline of the wild population in the Columbia Basin of eastern Washington, a captive-breeding program was initiated in 2001 to produce offspring for reintroduction (Hays 2001) . This genetically distinct population was federally listed as endangered in 2003 and, by 2004 , no pygmy rabbits were known to exist in eastern Washington (United States Fish and Wildlife Service 2003 . Reproductive data on pygmy rabbits have been limited, but in general, the breeding season lasts from late February to early June (Elias et al. 2006; Gahr 1993) . Pygmy rabbits are believed to be induced ovulators and can conceive within days after parturition, allowing females to be pregnant and lactating at the same time. European rabbits (Oryctolagus cuniculus) also are induced ovulators (ovulation occurs 9-12 h after mating) and postpartum breeders, so the 2 species may share similar physiological patterns (Ramirez and Beyer 1988) .
Early in the captive-breeding program (2001) (2002) (2003) , low conception rates and low offspring production were the biggest problems for captive Columbia Basin pygmy rabbits. Field observations suggested that female pygmy rabbits could produce 12-18 young per year in the wild, and pygmy rabbits captured from Idaho showed a 76% conception rate in captivity (Wilde 1978) . However, captive Columbia Basin females averaged fewer than 5 young per year and only 20% of pairings resulted in confirmed pregnancies (i.e., 20% conception rate- Elias et al. 2006; United States Fish and Wildlife Service 2007) . Concerns over leaving males and females together for long periods of time, and breeding females that were nursing may have partially constrained the number of young that females could produce each year, but even paired individuals did not produce offspring at expected levels. In 2003, Idaho and Columbia Basin pygmy rabbits were intercrossed to increase allelic diversity and counteract a suspected inbreeding depression, and conception rates increased significantly (Illig 2009; United States Fish and Wildlife Service 2007) .
Since 2003, high juvenile mortality has constrained production of juveniles for reintroduction, with most neonatal deaths occurring within the first 4 days after birth, primarily from unknown causes (Illig 2009 ). Despite the potential to produce 2-7 young per litter, and 3 or 4 litters per year, captive pygmy rabbits averaged fewer than 3 emerged young per year, with only 2 surviving to the next breeding season (Elias et al. 2006; Illig 2009 ). Thus, a stated priority of the recovery effort was to characterize the reproductive and stress physiology of pygmy rabbits and identify factors associated with low reproductive success (United States Fish and Wildlife Service 2007) .
One way to monitor reproduction and welfare in wildlife species is through the measurement of gonadal and adrenal steroids excreted in urine or feces (Lasley and Kirkpatrick 1991; Millspaugh and Washburn 2004; Wasser et al. 2000; Young et al. 2004 ). The noninvasive nature of this approach allows frequent collection without the need to handle animals. For many species, including pygmy rabbits, fecal analyses are more practical, because urine can be difficult to collect. In addition, fecal data provide a pooled estimate of hormone production from the previous 12-24 h, dampening acute fluctuations in secretion (Millspaugh and Washburn 2004) . Noninvasive methods are now commonly used to monitor reproductive status, ovulation, pregnancy, parturition, and seasonal fluctuations in reproductive activity, as well as animal health and welfare (Brown 2006; Brown et al. 1994b; Durrant 1995; Lane 2006; Shepherdson et al. 2004; Young et al. 2004) .
The goal of this study was to investigate patterns of fecal progestagen and glucocorticoid excretion during key reproductive events and identify hormonal correlates of reproductive success in pygmy rabbits. The 1st objective was to compare hormone means over the entire breeding season between conceiving and nonconceiving females, with the prediction that females with higher stress hormone and lower reproductive hormone concentrations would be less likely to conceive during the breeding season. The 2nd objective was to investigate hormone concentrations during 1-to 6-day mating periods to ascertain if these estimates could predict whether a successful pairing occurred. Previous studies found that females excrete a large spike in progestagens after a successful pairing (Scarlata et al. 2011 ), so we hypothesized that females with higher progestagens and lower glucocorticoids were more likely to have successfully mated. The 3rd objective was to determine if hormone concentrations during gestation and lactaction were related to litter survival. We predicted that higher glucocorticoid and lower progestagen concentrations would show a negative relationship with postnatal survival of litters due to a possible effect on offspring development. facilities: Washington State University, Pullman, Washington (Facility 1), and the Oregon Zoo, Portland, Oregon (Facility 2). All animals were housed off-exhibit and exposed to natural fluctuations in photoperiod. Pygmy rabbits were provided water, grain-forage rabbit pellets (2006) (2007) (Sikes et al. 2011) .
During the breeding season (March-June), females were housed in 1 of 4 outdoor pen types: circular pens, rectangular pens, half-soil pens, and carport pens. Circular, rectangular, and carport pens were used at Facility 1, whereas only circular and half-soil pens were used at Facility 2. Circular pens (2.4-m diameter, 4.7 m 2 ) were constructed from galvanized steel water tanks filled with 0.5-1.0 m of compacted soil. Rectangular pens were 4.0 m 2 (,2.5 3 1.5 m), filled with 0.5-1.0 of compacted soil and surrounded by wire-mesh siding with a plastic barrier to keep soil in. Half-soil pens were rectangular 1.8 3 3.7 m (6.7 m 2 ) enclosures with a concrete floor covered in wood shavings on one half and about 0.5 m of soil on the other half. The carport pens (75 m 2 ) were constructed from a carport enclosed by wire mesh and filled with several mounds of soil (,1 m tall). Each enclosure was enriched with a plastic nest box, artificial burrows (7.6-cmdiameter plastic drainage tubes), and sagebrush branches. All pens were covered by a corrugated greenhouse roof or carport roof. Our work has shown that pen type does not have a significant effect on hormone secretion in female pygmy rabbits during the breeding season, so this factor was not included in the following analyses (Scarlata 2010) .
In the carport pens, 1 male and 1 female were housed together throughout the breeding season. In all other pens, females were housed individually, except during brief 1-to 6-day periods when males were introduced into the females' pens. These periods are defined as pairings because actual mating did not always occur. Males were removed after copulation was observed or if females became aggressive. Females were paired 1-6 times during the breeding season with genetically matched males and rebred if they showed no behavioral signs of pregnancy or every 7-10 days at Facility 1. Females were classified as pregnant if they exhibited nestbuilding behaviors within 24 days of mating. Not all pregnancies could be verified by the presence of young because mothers give birth underground in burrows and sometimes bury or consume their young (Elias et al. 2006 ). Young typically emerge from the natal burrow about 2 weeks (defined in this study as 14 days) after birth; the end of the weaning period was defined as 21 days after birth or the date young were separated from their mother (Adams et al. 2001; Elias et al. 2006) .
During the breeding season, keepers maintained detailed records of reproductive data including observed copulations, digging of natal burrows, nest-building, parturition, litter size, and emergence of young. At the end of the breeding season, each female was categorized as either a ''conceiving female'' if she conceived and produced offspring or a ''nonconceiving female'' if she was paired, but never conceived. Each pairing was categorized as either ''successful'' if the female conceived during the specific mating period or ''unsuccessful'' if she did not. Each pregnancy was categorized as either a ''surviving litter'' if the female produced at least 1 offspring that survived to emergence from the natal burrow or a ''nonsurviving litter'' if she gave birth, but none of her offspring survived to emergence.
Fecal sample collection and processing.-Feces were collected regularly from January 2006 through December 2008, spanning 3 breeding seasons. Fresh fecal samples were collected 4-7 times a week during the breeding season (March-June). Samples were collected at approximately the same time each day and keepers avoided the collection of old or urine-contaminated samples. Each fecal sample consisted of ,20-50 fecal pellets that were placed in a resealable plastic bag and immediately frozen at 220uC until analysis. Samples were lyophilized (Labconco Lyophilizer, Kansas City, Missouri) and crushed to a fine powder using a rubber mallet. Fecal glucocorticoid and progestagen metabolites were extracted from samples as described by Brown et al. (1994b) with minor modifications. Briefly, 0.1 g of dried fecal material was added to 5 ml of 90% ethanol, vortexed on a multitube vortexer for 40 min, and centrifuged at 1,300 3 g for 20 min. Next, the supernatant extract was poured into a 2nd set of tubes and the remaining fecal pellet was resuspended in 5 ml of 90% ethanol, revortexed for 1 min, and recentrifuged at 1,300 3 g for 20 min. Extracts were combined, evaporated to dryness, and resuspended in 1 ml of phosphate buffer (0.2 M NaH 2 PO 4 , 0.2 M Na 2 HPO 4 , 0.15 M NaCl; pH 7.0) using a sonicator. Steroid extraction efficiency averaged 91% (range 82-99%) as determined by recovery of 100 ml of tritiated cortisol added to feces before extraction. Samples were further diluted 1:10 and 1:3 in buffer before analysis for progestagen and glucocorticoid metabolites, respectively.
Enzyme immunoassays.-Fecal progestagen and glucocorticoid concentrations were quantified using assays validated for pygmy rabbits (Scarlata et al. 2011) . A single-antibody progestagen enzyme immunoassay used a monoclonal antibody produced against 4-pregene-11-ol-3,20-dione hemisuccinate : bovine serum albumin (CL425, 1:10,000; C. Munro, University of California, Davis, California), a horseradishperoxidase-conjugated progesterone label, and progesterone standards (Sigma Chemical Co., St. Louis, Missouri). Assay sensitivity, based on 95% of maximum binding, was 0.78 pg/ well. The glucocorticoid enzyme immunoassay used a polyclonal cortisol antibody generated against cortisol-3-CMO (R4866, 1:20,000; C. Munro, University of California, Davis), a horseradish-peroxidase-conjugated cortisol label, and cortisol standards (Young et al. 2004 ). The assay sensitivity was 3.90 pg/well. Intra-assay coefficients of variation were less than 10% and inter-assay coefficients of variation were less than 15% and 10% for the progestagen and glucocorticoid assays, respectively. Biological validations of the progestagen and glucocorticoid enzyme immunoassays for assessing ovarian and adrenal function included demonstrating significant increases in progestagen metabolites during gestation and glucocorticoid metabolites after stressful events, respectively, and are presented in Scarlata (2010) .
Data analysis.-For each female, individual overall and baseline means (X ) were calculated for both progestagen and glucocorticoid concentrations from longitudinal hormone data collected during the breeding season (March-June). Individual baseline means were calculated using an iterative process where all values 2 standard deviations above the mean were excluded and means were recalculated until all extreme values were excluded (Brown et al. 1994a) . Baseline means provide an estimate of basal hormone secretion that excludes temporary increases in hormone secretion due to reproductive or stressful events. For descriptive data reported in the ''Longitudinal hormone profiles'' section, a Student's t-test was used to compare hormone differences between facilities, age groups, and daily hormone values during pregnancy versus baseline means. Sample sizes were limited for older females, so data from 2-and 3-year-old females were combined and compared to those from 1-year-old females.
For comparisons among females, a logistic regression model, blocked by facility, was used to determine if baseline means (progestagens and glucocorticoids) could predict whether a female conceived at least once during the breeding season. Data for 7 females that died before the end of the breeding season or were housed in carport pens were excluded to minimize confounding factors. Next, general linear models, blocked by facility, were used to test whether annual reproductive success (Y) was related to hormone means (X ) during the breeding season. For each female, annual reproductive success was quantified using 2 absolute measures (number of litters and number of young produced in 1 breeding season) and 2 relative measures (number of litters produced per mating opportunity [rate of conception] and number of young produced per mating opportunity [rate of offspring production]).
For each pairing (1-to 6-day mating periods), an average hormone (glucocorticoid and progestagen) value was calculated from samples collected during this period. A logistic regression model, blocked by facility and female identity, was used to determine if average hormone concentrations during pairings could predict whether a pairing was successful or unsuccessful. Samples were not collected during several pairings, so the number of pregnancies analyzed is higher (n 5 123) than the number of successful pairings (n 5 118) analyzed.
For each pregnancy, 3 hormone estimates were calculated: late-gestation mean, end of gestation peak, and lactation mean.
To standardize hormone profiles for each pregnancy, hormone concentrations were aligned to the day of copulation (day 0) or if copulation was not recorded, the day of an initial spike in progestagens (day 1), which has been shown to correlate with mating (Scarlata et al. 2011) . The late-gestation mean represents average hormone concentrations during the last one-third of gestation (days 17-24). The end of gestation peak was estimated as the maximum hormone value from the final days of gestation (days 21-24) and the lactation mean was calculated using all samples collected during lactation (days 25-39). Lactation days that overlapped with a subsequent pregnancy were removed so means reflected only nursing females.
For comparisons among pregnancies, these hormonal values were compared between surviving and nonsurviving litters and to litter size (number of young born). Taking into account both facility and female identity, a logistic regression model was used to determine if hormone values could predict litter survival and a general linear model was used to compare litter size (Y) to hormone values (X ).
All data are reported as mean 6 standard error of the mean (X 6 SE). For all analyses, both full factorial and additive models were explored, but none of the models had significant interaction terms and in many cases facility or female identity, or both, was not a significant factor in the model, so results were reported for reduced models that excluded nonsignificant factors (P . 0.05). For logistic regression analyses, a forward stepwise (likelihood-ratio) method was used to determine which predictors were included in the best model and the model's adequacy was justified by an overall chi-square test of all parameters (P(mod)), the Hosmer-Lemeshow goodness-of-fit statistics (P(HL)), and Nagelkerke's R 2 value (NR 2 ). In addition, for each hormone predictor, we reported a coefficient (b), Wald's chi-square value (Wald), and a P-value for the coefficient (P[b]) based on Wald's chi-square statistical test of individual predictors. For the graphs, predicted values for each data point were calculated using all significant predictors in the final statistical model. Because of this, data points presented in the graphs were affected by more than 1 x-variable and thus did not follow a smooth sigmoidal curve. For general linear models, Levene's test was used to check for homogeneity of variances. In addition, F-statistics and P-values from the analysis of variance were reported to reveal which factors in the model were significant and coefficient (b) values from the parameter estimates were reported to indicate the direction of the relationship. For all analyses, an alpha level of 0.05 was used. Statistical analyses were carried out using SPSS version 15.0 for Windows (SPSS Inc., Chicago, Illinois).
RESULTS
Longitudinal hormone profiles.-During the breeding season, overall concentrations of fecal progestagens averaged 104.9 6 6.2 ng/g (n 5 41); fecal glucocorticoids averaged 129.2 6 12.2 ng/g (n 5 41), and varied across reproductive periods (Appendix I). Based on 123 pregnancies in 41 conceiving females, fecal hormone profiles during gestation were characterized by a large spike in progestagen metabolites shortly after mating, a gradual increase in progestagens and glucocorticoids over the course of gestation with a peak in both hormones between days 21 and 24, and a drop in progestagens and glucocorticoids after birth (Fig. 1) . A spike in progestagens was observed consistently 1 day after copulation and represented approximately a 17-fold increase in progestagens over baseline (Appendix I). By day 10 of gestation, a significant elevation in progestagens above baseline was observed (P , 0.05 for days 10-24). At the end of gestation, a 2nd peak in progestagen metabolites was observed between days 21 and 24, and represented, on average, a 2.73 6 0.18-fold increase in progestagens over baseline.
The maximum glucocorticoid concentration at the end of gestation (days 21-24) represented an average increase in glucocorticoids of 2.86 6 0.23 over baseline as calculated by the ratio between the maximum glucocorticoid value and the female's glucocorticoid baseline. On the day after birth (day 25), both progestagen and glucocorticoid concentrations started to decline. During lactation (days 25-39), progestagen concentrations remained at baseline unless the female became pregnant again, whereas glucocorticoids were more variable, with concentrations remaining elevated above baseline in some females (n 5 15 pregnancies), and concentrations returning to baseline within a few days in others (n 5 46 pregnancies).
There were no differences in progestagen or glucocorticoid concentrations among different age groups (P . 0.05), so data were pooled for subsequent evaluations. The 2 facilities did not differ in overall or baseline fecal progestagen concentrations (P . 0.05), but did differ for fecal glucocorticoid concentrations. During the breeding season, overall and baseline glucocorticoid means were higher at Facility 2 (overall X : 175.1 6 15.9 ng/g; baseline X : 124.5 6 9.1 ng/g, n 5 23) as compared to Facility 1 (overall X : 70.5 6 4.9 ng/g; baseline X : 56.6 6 3.8 ng/g, n 5 18; Fig. 1 ). This represents a significant 2-fold difference in glucocorticoid excretion, with higher concentrations at Facility 2 (overall X : t 40 5 5.65, P , 0.001; baseline X : t 40 5 6.27, P , 0.001). To control for this difference, a facility effect was explored in all subsequent statistical models.
Comparisons between conceiving and nonconceiving females.-Of 41 females included in this analysis, 7 did not conceive despite several pairings, whereas the remaining 34 females successfully conceived and gave birth to at least 1 litter. On average, conceiving females had lower glucocorticoid baselines (conceiving females: 83.82 6 7.32 ng/g; nonconceiving females: 147.47 6 14.66 ng/g) and higher progestagen baselines (conceiving females: 67.49 6 2.31 ng/g; nonconceiving females: 60.66 6 3.55 ng/g) than nonconceiving females. Both progestagen and glucocorticoid baselines significantly predicted the likelihood that a female was able to conceive during the breeding season (Table 1) . As glucocorticoid baselines decreased ( Fig. 2A) and progestagen baselines increased (Fig. 2B) , the likelihood of conceiving during the breeding season increased.
In conceiving females (Fig. 3A) , progestagen concentrations spiked during successful pairings and increased during pregnancy, whereas glucocorticoid concentrations increased at the end of gestation, but remained below 100 ng/g during most of the breeding season. In nonconceiving females (Fig. 3B) , progestagen concentrations were consistently low and did not increase after pairings, whereas glucocorticoid concentrations were elevated and variable throughout most of the breeding season.
Progestagen baseline means were positively associated with the number of litters, number of young produced, and the rate of conception (Table 2) . Rate of offspring production showed a positive trend with progestagen baseline means, but was not significant. Glucocorticoid baselines were negatively related to the number of litters and number of young produced per female, but not the rate of offspring production ( Table 2) . Rate of conception showed a negative trend with glucocorticoid baseline means, but was not significant.
Comparisons among pairings.-Mean hormone concentrations were calculated for the 1-6 days during a mate introduction. Over the 3 breeding seasons, samples were analyzed for 208 pairings, 118 of which resulted in confirmed pregnancies. On average, during successful pairings, females had lower glucocorticoid means (successful pairings: 77.60 6 6.27 ng/g; unsuccessful pairings: 122.26 6 11.84 ng/g) and higher progestagen means (successful pairings: 433.25 6 41.64 ng/g; unsuccessful pairings: 62.17 6 2.13 ng/g) than during unsuccessful pairings. After controlling for facility, both progestagen and glucocorticoid pairing averages significantly predicted whether a pairing was successful or not (Table 3) . As glucocorticoid averages decreased (Fig. 4A ) and progestagen averages increased (Fig. 4B) , the likelihood of a successful pairing increased. For 89 of the 118 successful pairings, fecal samples were collected the day after copulation and all of these samples showed an increase in progestagens above baseline. On average, the spike in progestagens on day 1 was 17 times greater than the female's progestagen baseline (ratio of spike to baseline concentration: 17.2 6 1.8, n 5 89; e.g., Fig. 3A) .
Comparisons among pregnancies.-Hormone concentrations were assessed in females during 123 pregnancies, 72 (59%) of which did not have any offspring survive to emergence. In fact, 56% (69 of 123) of litters died within the first 4 days and 69% (83 of 123) of litters experienced death of at least 1 young before emergence.
Late-gestation progestagen means (days 17-24) and end of gestation progestagen peaks (days 21-24) were positively and significantly related to litter size (Table 4) , but were not significant factors for predicting litter survival (Table 5). Late-gestation glucocorticoid means (days 17-24) and end of gestation glucocorticoid peaks (days 21-24) also were positively and significantly related to litter size (Table 4) , but only late-gestation glucocorticoid means were important predictors of litter survival (Table 5) . Specifically, as glucocorticoid means during late gestation decreased, the likelihood of litter survival increased (Table 5) .
During lactation (days 25-39), females with nonsurviving litters tended to have higher glucocorticoid concentrations (nonsurviving litters: 117.3 6 19.2 ng/g; surviving litters: 91.3 6 6.2 ng/g) and higher progestagen concentrations (nonsurviving litters: 68.9 6 5.1 ng/g; surviving litters: 60.1 6 2.1 ng/g) than females with surviving litters, but these estimates were not significant predictors of litter survival (Table 5 ). In addition, progestagen and glucocorticoid means during lactation showed no relationship to litter size (Table 4) . N ) . Predicted values for each data point (females) were calculated using all significant predictors from the statistical model as given in Table 1 .
DISCUSSION
The results of this study suggest that increased adrenal glucocorticoid activity during the breeding season may reduce reproductive success of pygmy rabbits in captivity. Females that did not conceive exhibited higher glucocorticoid and lower progestagen concentrations during the breeding season and specifically during pairings. For females that did conceive, both glucocorticoid and progestagen concentrations during late gestation were positively associated with litter size, but only glucocorticoids were negatively associated with litter survival. Although our study was not designed to determine cause-and-effect relationships between stress and reproduction, previous literature suggests that elevated glucocorticoid concentrations can inhibit reproduction, particularly at the FIG. 3.-Longitudinal profiles of fecal glucocorticoid (%) and progestagen ( N ) concentrations of pygmy rabbits (Brachylagus idahoensis) in A) a successfully conceiving female that had 3 pregnancies followed by 3 unsuccessful pairings, and B) a nonconceiving female that was paired 5 times, but failed to conceive. TABLE 2.-General linear model analyses comparing fecal progestagen and glucocorticoid baseline concentrations to 4 measures of annual reproductive success among female pygmy rabbits (Brachylagus idahoensis; n 5 41).
Reproductive success measure Progestagens Glucocorticoids point of conception (Brann and Mahesh 1991; Sapolsky et al. 2000; Tilbrook et al. 2002) . However, the possibility remains that elevated glucocorticoids merely reflect other physiological changes in response to stressors that are causative agents. Nevertheless, fecal glucocorticoid concentrations, as an index of stress, seem to indicate a negative effect on pygmy rabbit reproduction in this study. Analyses of longitudinal glucocorticoid excretion over an entire breeding season found an inverse relationship between glucocorticoid baselines and the number of conceptions and number of young produced per female each breeding season. Specifically, females that failed to conceive exhibited significantly higher glucocorticoid and lower progestagen baselines than conceiving females, which indicates that increased glucocorticoid production may compromise overall fecundity on an individual basis. This finding is consistent with studies in other species (e.g., gray seals [Halichoerus grypus], tree swallows [Tachycineta bicolor], and blacklegged kittiwakes [Rissa tridactyla]) that found that individuals with lower glucocorticoid baselines had higher annual reproductive success (reviewed in Busch and Hayward 2009) . Overall means for glucocorticoid and progestagen excretion showed similar trends, but these data are not as useful as baselines for identifying females that are chronically stressed or exhibit compromised reproductive potential because they include peak hormone values at the end of gestation.
Stress can affect overall fecundity in several ways; thus, this study explored hormone patterns during key reproductive phases such as mating, gestation, and lactation. During mating, stress can reduce conception rates through either altered mating behaviors or the suppression of reproductive hormones necessary for stimulating folliculogenesis and ovulation (Brann and Mahesh 1991; Dobson and Smith 2000; Reeder and Kramer 2005; Tilbrook et al. 2002) . In pygmy rabbits, females during unsuccessful pairings were characterized by significantly higher glucocorticoid and lower progestagen concentrations compared to females during successful pairings, suggesting that females that were stressed during pairing were less likely to conceive. In addition, a large spike in progestagen excretion during pairings reliably predicted whether a female conceived. Because parturition and subsequent pairings can occur within days of each other, a threshold value to identify successful pairings could aid breeding management. Based on an empirical threshold value of 225 ng/g (calculated as 1.5 SD above the average maximum progestagen concentrations detected during parturition), a spike in progestagens was detected in 93% of pairings that resulted in a litter (7% chance of a false negative), but in only 2% of pairings where a litter was not observed (false positives). An elevation of 1.5 SD above the mean was used because this threshold value minimized the number of false negatives while maintaining a low number of false positives. False negatives may have been caused by an accidental collection of male feces or old feces during the time of mate introductions. False positives may have been caused by instances where a mating occurred but either ovulation or fertilization failed, or a pregnancy occurred but young were reabsorbed, eaten, or never found by keepers.
The consistency of this spike in progestagens 1 day after mating is a significant finding for this species because traditional methods of confirming pregnancy often are not reliable. Copulation is brief (,1 s), so actual intromission is difficult to observe and thus pygmy rabbit keepers typically rely on nest-building behaviors to confirm pregnancies (Elias N ) . Predicted values for each data point (pairings) were calculated using all significant predictors from the statistical model as given in Table 3 . 2004; Elias et al. 2006) . These behaviors begin about 2-3 weeks after mating, sometimes within 3-4 days of parturition, and require daily monitoring of pygmy rabbit activity. By comparison, a progestagen mating test can be conducted within a few days of pairing and provides a more rapid means of determining if mating was successful. This information could help improve reproductive efficiency by allowing keepers to rebreed females that did not conceive, and prevent rebreeding of females that are already pregnant. In addition, monitoring glucocorticoids during pairings could help identify stressors that may be affecting conception so that mitigating strategies can be developed to maximize success during mate introductions. Next, we investigated hormone concentrations during gestation to determine if there was an association with litter survival or litter size. Litter size was explored because it has been identified as an important predictor of infant mortality in European rabbits (Roedel et al. 2009 ). During gestation, progestagens are crucial for pregnancy maintenance, and inadequate progestagen production can lead to abortion, early parturition, or poor offspring development (Spencer et al. 2004) . In pygmy rabbits, we found that progestagen concentrations at the end of gestation were not related to litter survival, but they were positively associated with litter size. In most mammals, high concentrations of progestagens during gestation are maintained by the corpus luteum or placenta, or both. Because placental mass and the number of corpora lutea can increase with litter size, this relationship suggests a possible explanation for higher progestagen concentrations in female rabbits carrying larger litters (Alexander 1964; van der Lende and Schoenmaker 1990) . Supportive evidence includes studies in sheep and goats that found progesterone concentrations during gestation were positively correlated to number of corpora lutea or fetuses, or both (Butler et al. 1981; Gadsby et al. 1972; Jarrell and Dziuk 1991) .
Glucocorticoids, on the other hand, play a more complex role during gestation. For example, maternal glucocorticoids can cross placental barriers and interfere with the behavioral, motor, and neuroendocrine development of offspring, ultimately affecting offspring survival (Carlstead 1996; Carlstead and Shepherdson 1994; Seckl 2004; Zarrow et al. 1970 ). In addition, high levels of stress during gestation can result in embryonic absorption or fetal abortion, ultimately affecting litter size (Glaubach et al. 1951; Seckl 2004; von Borell et al. 2007) . At the end of gestation, however, large amounts of glucocorticoids are secreted from the fetal adrenal gland, and are essential for preparing many of the fetal organs for postpartum functions (reviewed in Fowden 1995) . For example, in sheep, the prepartum increase in glucocorticoids affects the maturation of the lungs, liver, and gut, all of which are vital to immediate neonatal survival (Fowden 1995) . In addition, fetal glucocorticoids affect the placenta by promoting the conversion of progesterone to estradiol. This conversion removes the ''progesterone block'' and triggers the endocrine cascade that leads to parturition (Pukazhenthi and Wildt 2004) . In pygmy rabbits, we found that both mean and peak glucocorticoid levels at the end of gestation were positively associated with litter size; however, only lategestation glucocorticoid means were negatively associated with litter survival. Because late-term glucocorticoids are produced by the fetus, glucocorticoid peaks at the end of gestation (days 21-24) are likely to reflect changes in fetal glucocorticoid excretion, whereas glucocorticoid means (days TABLE 5.-Logistic regression analyses predicting litter survival of pygmy rabbits (Brachylagus idahoensis; litter died 5 0, litter survived 5 1) from estimates of progestagen and glucocorticoid concentrations during gestation and lactation (n 5 123). For all models, female identity was a significant predictor, but facility was not.
Hormone estimate
Overall model
Progestagens Glucocorticoids 17-24) may reflect fetal exposure to maternal glucocorticoids during the last one-third of gestation. This may explain why average glucocorticoid levels late in gestation were related to litter survival, but peak levels at the end of gestation were not. In addition, more fetuses could result in the production of more fetal glucocorticoids, and thus explain why glucocorticoid concentrations were positively associated with litter size in pygmy rabbits. Last, we examined hormone changes during lactation. In many species, increased maternal glucocorticoids can alter nursing behavior and milk output of the mother, which can reduce postnatal development and survival of offspring (Fowden 1995; Hemsworth 2003; Hofer and East 1998; Reeder and Kramer 2005; von Borell et al. 2007) . In pygmy rabbits, we found females that lost their litters had higher glucocorticoid concentrations during lactation, but this estimate was not a significant predictor of litter survival. One possibility is that higher glucocorticoids during lactation reflect a stress response to the loss of a litter, rather than a factor influencing litter survival. Similar to European rabbits, the first 4 days of lactation showed the highest juvenile mortality, suggesting this is a critical period in pygmy rabbit development that determines whether the young survive or die before emergence (Illig 2009; Roedel et al. 2009; Zeoli et al. 2008) . Because the majority of litter loss occurs so shortly after birth, high concentrations of glucocorticoids during the prenatal period may have a larger influence on litter survival than during the postnatal period. Overall, these results suggest that maternal glucocorticoids during gestation, but not lactation, may negatively affect litter survival and hormone concentrations at the end of the gestation may be related to the number of fetuses present.
Although our study focused on postnatal mortality, future work should consider the possibility that maternal hormones also affect prenatal mortality. Little information is available on how prenatal mortality affects population growth in pygmy rabbits, but studies in wild rabbits found that at least 43% of ova ovulated were lost before parturition (Brambell 1948) . In addition, Brambell (1948) found that the majority of prenatal loss occurs at the early stages of pregnancy and appears to be due to maternal causes, rather than to genetic qualities of the embryo, suggesting a possible hormonal link.
In summary, stress can disrupt reproduction in a number of ways, working through glucocorticoids or other physiological changes, and understanding the factors that influence reproduction is essential to maximizing breeding success. Overall, our results suggest that prolonged elevation of glucocorticoids during the breeding season was not only related to whether females could conceive, but also how often they conceived during pairings, and the survival of subsequent litters. Specifically, elevated glucocorticoid concentrations during mating and gestation were negatively correlated to reproductive success and thus these reproductive periods should be targeted in future studies. Ultimately, identifying factors that cause stress in pygmy rabbits, as indicated by elevated glucocorticoids, may allow us to alleviate negative stressors and increase the reproductive output of the captive population.
